Thermodynamic stability of Cu 2 S sulfide in low carbon steels has been investigated using a CALPHAD type thermodynamic calculation method. Thermodynamic properties of the Cu-S binary and Fe-Cu-S ternary systems were critically assessed. By combining the newly assessed thermodynamic parameters to an existing thermodynamic database for steels, a thermodynamic description for low carbon steels involving sulfur and Cu could be obtained and be used to calculate phase equilibria and thermodynamic stability of precipitating phases such as AlN, MnS, and Cu 2 S. It was predicted that the Cu 2 S sulfide often observed in low carbon steels is actually a thermodynamically unstable phase and can precipitate when thermodynamic equilibrium state is not reached during steel making processes. Probable reasons and conditions for the formation of this unstable phase are discussed.
Introduction
Copper (Cu) has long been regarded as a harmful element in steels because of the hot shortness. [1] [2] [3] [4] However, since the strengthening effect of nano-sized Cu sulfide precipitates in strip cast low carbon steels was reported, 5) this element, especially the formation of Cu sulfides, is attracting a renewed interest in steel society. 6, 7) With the possibility of further improvements in properties of steels by controlling the particle size and volume fraction of Cu sulfides, a modeling study on the precipitation kinetics of a Cu sulfide (Cu 2 S or Cu 2Ϫy S; digenite) was also conducted. 8) For modeling studies on phase transformations or precipitation kinetics, thermodynamic information of phases in the relevant alloy system provides an essential basis. However, experimental information on the thermodynamic properties of Cu sulfides in steels is sparse and even an inconsistency is found among literature data. For example, according to the unique experimental information on the solubility of Cu sulfide in steel, 9) the dissolution temperature of Cu sulfide (Cu 2 S) in a steel with 0.16 wt% Cu and 0.026 wt% S is about 1 250°C. Based on the same information, Liu et al. 8) proposed a value of 1 196°C for the dissolution temperature of Cu 2 S in a steel with 0.07 wt% Cu, 0.01 wt% S and 0.54 wt% Mn, and also reported that the thermodynamic stability of Cu 2 S is higher than that of MnS in the same steel at low temperatures (below about 1 380 K). However, according to the Cu-S binary phase diagram, 10) the congruent melting point of Cu 2 S is 1 130°C. Though the Cu 2 S phase shows a significant solubility of Fe on isothermal sections of phase diagrams of the Fe-Cu-S ternary systems, 11) it is not a stable phase in the Fe-rich matrix with a few percent of Cu above 1 000°C. The solubility of other elements, for example, Mn, in Cu 2 S is observed to be small (less than 1 wt%). 8) In such case, it is very hard to accept that the Cu 2 S phase can precipitate as a stable phase in steels even at a higher temperature than its own melting point in the Cu-S binary system. In order to be able to model the precipitation kinetics and interpret the experimental observation on the precipitation of the Cu 2 S phase more correctly, and to utilize its strengthening effect in steels more efficiently, it would be important to understand the thermodynamic behavior of Cu 2 S in steels more accurately. The purpose of the present study is to provide more accurate thermodynamic stability of Cu 2 S in steels, based on the CALPHAD 12,13) thermodynamic analysis method. For this, a thermodynamic assessment was carried out for the Cu-S binary system and continued to the Fe-Cu-S ternary system. Then, the thermodynamic parameters were combined with the existing thermodynamic database of steels, TCFE2000, 14) for an estimation of the thermodynamic stability of Cu 2 S in low carbon low alloy steels. The reliability of the existing thermodynamic descriptions 14) for the Fe-S and Fe-Mn-S systems is also demonstrated because it has never been done in open literature.
Thermodynamic Models and Assessments
Thermodynamic assessments on the Cu-S and Fe-Cu-S systems had been done long ago by Sharma and Chang. The calculated phase diagrams and thermodynamic properties were in good agreement with corresponding experimental information. Unfortunately however, the model used for Cu 2 S could not be reconcilable to the current steel database which is based on the compound energy formalism. 17, 18) Later, the Cu-S system was assessed again by Sundman 19) using a more friendly thermodynamic model (sublattice model) for the Cu 2 S phase. In this assessment, the liquid phase was not involved and more critically, the calculated enthalpies of formation of sulfide phases showed somewhat too large differences from corresponding experimental information. In the present study, a reassessment of the Cu-S binary system was carried out using the same thermodynamic model for Cu 2 S with that by Sundman, including also the liquid phase. The resultant thermodynamic parameter set for the Cu-S system was combined with those of Fe-S 19, 20) and Fe-Cu 21) to assess the Fe-Cu-S ternary system.
Thermodynamic Models
In the CALPHAD method 12, 13) the Gibbs energy of individual phases is described using thermodynamic models. Then, the calculations of phase equilibria are performed based on the minimum-of-Gibbs-energy criterion, for example, the Hillert's equilibrium condition. 22) An ordinary substitutional subregular solution model was used for the Gibbs energy of fcc and bcc solid solutions in Cu-S and Fe-Cu-S systems. For liquid, an associate solution model was used assuming the existence of an associate, Cu 2 S. The liquid Fe-S phase had also been described using the same model with an associate, FeS. 19) With the above two associates, the Gibbs energy per mol of the Fe-Cu-S liquid phase can be described as follows: 
where x and °G represent mol fraction and Gibbs energy of individual component, respectively, and L parameters represent interactions between components. The L parameters can be expressed as a function of composition and temperature.
The Cu 2 S phase (digenite) shows a rather wide composition range and is often expressed as Cu 2Ϫy S. In his assessment, Sundman 19) described this phase using a three-sublattice model with a formula unit, (Cu, Va) 2 (Cu, Va) 1 S 1 . The first and third sublattices are for Cu and S atoms, respectively, in the CaF 2 type structure of Cu 2 S, while the second sublattice represents the interstitial lattice. Here, it is assumed that the deviation of composition of the Cu 2 S phase into the S-rich side originates from the formation of vacancies in the normal Cu lattice and that into the Cu-rich side from interstitial Cu atoms. This model was adapted in the present study. Assuming that Fe atoms are dissolved into the normal Cu lattice, the Gibbs energy of this phase in the Fe-Cu-S ternary system was expressed as follows with a formula unit, (Cu, Fe, Va) 2 Here, y I and y II represent site fraction of individual component in the first and second sublattices, respectively. °G i:j:k represents the Gibbs energy of a hypothetical compound where the first, second and third sublattices are completely filled with component i, j and k, respectively. In the L parameters, the comma separates components interacting on the same sublattice and the colon separates components on different sublattices.
All other phases in the Cu-S binary system were described as stoichiometric compounds, as has been done in the previous assessment.
19)

Thermodynamic Assessments
The evaluation of various thermodynamic model parameters is made by means of a computer program for the optimization of thermodynamic parameters, PARROT, developed by Jansson. 23) The optimization is performed with a selected set of experimental data which will be described later in the present section. Each piece of information is given a certain weight reflecting the experimental uncertainty. The weight can be changed until a satisfactory description of most of the selected experimental information is achieved. All calculations are carried out by using a computer program, Thermo-Calc, developed by Sundman et al. 24) Thermodynamic descriptions for pure elements, Fe, Cu and S can be obtained from the SGTE unary database. 25) 
The Cu-S Binary System
A through review of thermodynamic properties of the Cu-S binary system had been published by Chakrabarti and Laughlin, 10) where a, b chalcocite (Cu 2 S), djurleite (Cu 1.93 S), anilite (Cu 1.75 S) and covellite (CuS) were considered as stoichiometric compounds in addition to liquid, digenite and terminal phases (Cu-rich fcc and pure S). With two miscibility gaps between Cu-rich and Cu 2 S-rich and between Cu 2 S-rich and S-rich liquid, the phase diagram shows twelve invariant reactions. Experimental information on all these invariant reactions, enthalpy of formation of compound phases which are stable at room temperature, solubility of S in Cu-rich fcc and composition dependence of sulfur activity in digenite (Cu 2Ϫy S) and liquid were used for the optimization of thermodynamic model parameters. The results will be presented in the next section in comparison with relevant experimental data.
The Fe-Cu-S Ternary System
Phase diagrams of the Fe-Cu-S ternary system are available in forms of various isothermal sections and vertical sections through a recent compilation. 26) In addition to these, composition dependence of sulfur activity has been investigated in a wide composition range. For example, partial pressures of sulfur at various compositions of liquid sulfide were measured by several authors, Krivsky and Schuhmann, 27) Bale and Toguri, 28) and Nagamori et al. 29) All those data show a good mutual agreement at 1 200°C. In the present assessment, the ternary liquid phase parameters were determined first by fitting to experimental sulfur pressure at various compositions. Then, the ternary parameters for the Cu 2Ϫy S phase were determined so that the phase relations in the Fe-Cu-Cu 2Ϫy S-FeS region of isothermal sections of the Fe-Cu-S phase diagram 26) are reproduced. The phases and phase relations in higher sulfur content region were not considered in the present study because the main interest was the stability of Cu 2Ϫy S in Fe matrix.
The finally determined thermodynamic parameters of the Cu-S and Fe-Cu-S systems are listed in Table 1 .
Results of Thermodynamic Assessments
The newly assessed thermodynamic parameters for the Cu-S and Fe-Cu-S systems could be combined with the existing steel database 14) to predict the stability of Cu 2Ϫy S in low carbon steels. The present steel database involves thermodynamic descriptions of the Fe-S and Fe-Mn-S systems. The Fe-S description was a modified version 20) of the previous one by Sundman 19) so that better agreement with experimental information is obtained in the Fe-rich region. The Fe-Mn-S system was newly assessed also by one of the present author, 20) but never published. Because MnS is a competing phase with Cu 2Ϫy S in low carbon steels, it is important to know how the present database can reproduce the thermodynamic property of MnS. Therefore, some comparisons with experimental information in the Fe-rich region of Fe-S system and precipitation behavior of MnS in Fe matrix were also made in the present report as well as those in Cu-S and Fe-Cu-S systems.
The Cu-S Binary System
The calculated phase diagram of the Cu-S binary system is compared with currently accepted experimental phase diagram of the same system in Fig. 1 . The calculated invariant reactions are listed in Table 2 , in comparison with corresponding experimental information. It should be noted here that actually both of a and b chalcocite phases have narrow solubility ranges and can coexist between 90 and 103.5°C yielding two invariant reactions, b chalcociteϩ digenite↔djurleite and b chalcocite↔a chalcociteϩ djurleite. However, because a and b chalcocite phases were treated as stoichiometric compounds in the present study those phases could not coexist except at the transition temperature, and the above two invariant reactions could not be described correctly. Instead, a single invariant reaction, a chalcociteϩdigenite↔djurleite, was yielded in the corresponding composition and temperature ranges.
The calculated phase diagram of the Cu-S binary system shows reasonable agreements with the experimentally assessed one. Equally important in conjunction with the present purpose is that the thermodynamic stability of individual phases should be correctly reproduced. shows a comparison between calculated and experimental 30) enthalpies of formation of individual sulfides which are stable at room temperature. In Figs. 2(b) and 2(c), calculated composition dependences of sulfur activity in digenite and in Cu and Cu 2 S-rich liquid are compared with corresponding experimental data 31, 28) in the form of the ratio between partial pressures of H 2 S and H 2 . It is shown that all thermodynamic properties are correctly reproduced by the present thermodynamic description. Further, the compilation by Sharma and Chang 15) shows that experimental data on the Gibbs energy of formation of Cu 2 S are in a range of Ϫ34.9-Ϫ30.7 kJ/g-atom at 727°C (with respect to fcc Cu and gaseous S 2 ). The present calculation yields a value of Ϫ34.0 kJ/g-atom, which is also in good agreement with experiments. The enthalpy of congruent melting of digenite is also known to be 9 623Ϯ2 092 J/g-atom of Cu 2 S.
32) The present calculation gives a value of 7 544 J/g-atom of Cu 2 S.
The Fe-S Binary System
Because the main purpose of the present study is to investigate the precipitation behavior of Mn-and Cu-sulfides in the Fe matrix, it is important to confirm that the present database describes thermodynamic properties of Fe-S binary alloys correctly especially in the Fe-rich region. The calculated phase diagram of the Fe-S binary system is shown in Fig. 3(a) . The solubility limits of sulfur in the Ferich region of the phase diagram and sulfur activity on the solubility limits are compared with relevant experimental data 28, 33, 34) in Figs. 3(b) and 3(c). Figure 3(d) shows the calculated composition dependence of sulfur activity in FeSrich liquid region, in comparison with experimental data. 28) It is shown that the current thermodynamic database can describe the solubility of sulfur in Fe matrix and temperature and composition dependences of sulfur activity in the Fe-rich region satisfactorily.
The Fe-Mn-S Ternary System
The Fe-Mn-S ternary system had been critically assessed 20) based on the binary descriptions of Fe-S, 19, 20) Mn-S 20) and Fe-Mn, 35) though the results have never been published. Figure 4(a) shows the calculated isothermal section of the Fe-Mn-S system at 1 100°C. It is shown that the Fe matrix, FeS liquid and MnS form a three phase equilibrium at this temperature, with small solubility of Mn in FeS liquid but significant solubility of Fe in MnS. The phase in the FeS side can be changed to the solid FeS phase (pyrrhotite) at low temperature. The calculated temperature dependence of the mutual solubility between Fe and Mn in the liquid or solid FeS phase and MnS phase in equilibrium with Fe-rich matrix phases is compared with relevant experimental data 34, [36] [37] [38] in Fig. 4(b). Figures 4(c) and 4(d) show calculated solubility of MnS in fcc Fe and sulfur activity on the solubility limits, respectively, at several temperatures in comparison with corresponding experimental data. 33, 34) It can be confirmed that the current thermodynamic database describes thermodynamic properties (the solubility of MnS, and temperature and composition dependences of sulfur activity) of the Fe-Mn-S system in the solid state Fe-rich region satisfactorily.
The Fe-Cu-S Ternary System
Based on the Fe-S 19, 20) and Fe-Cu 21) binary descriptions already available in the current database and the Cu-S description newly assessed in the present study, the Fe-Cu-S ternary system could be thermodynamically assessed. As already mentioned, because the main interest was the stability of Cu 2Ϫy S in Fe matrix, higher sulfur content region (Cu 2 S-FeS-S) was not considered in the present study. Figure 5(a) is the calculated isothermal section of the Fe-Cu-S system at 1 200°C. Experimental data points 28, 39) that represent individual single, two or three phase regions, or two-phase boundaries are also included in the diagram. The data points representing liquid single phase region are actually ternary compositions where sulfur activities were measured by Bale and Toguri. 28) For the assessment of this system, it was important to describe the thermodynamic property of the liquid phase correctly. This was because accurate phase equilibrium information (solubility of Cu 2 S in Fe matrix, for example) was not available and therefore ternary parameters of solid phases (mainly Cu 2 S) had to be determined fitting to the phase equilibrium data with the liquid phase that could exist down to a low temperature (about 800°C) on the isothermal section. The calculated sulfur activity (in the form of P H 2 S /P H 2 ) at individual data points are compared with corresponding experimental data in Fig. 5(b) . Here, all points should be on the diagonal line (dotted line) if agreements are perfect, being closer to the diagonal line means the agreement is better.
The calculated isothermal sections at 1 100, 1 000, 900 and 700°C are shown in Fig. 6 . The calculated isothermal sections are consistent with experimental information in that the Cu 2 S is not an equilibrium phase with Fe-rich matrix at 1 100°C but is at 1 000°C, and the (Fe)/Cu 2 S/FeS three-phase equilibrium appears from the 900°C isothermal section. (Here, (Fe) means Fe-rich solid solution phase). The point where the present calculation is inconsistent with the experimental information is that the Cu 2 S single-phase region should be continuous from the Cu-S binary side to the ternary points that form the Cu 2 S/(Fe)/(Cu) three-phase equilibrium rather than being discontinuous as shown in Figs. 6(b) and 6(c). Experimental information also shows that the Cu 2 S single phase region at 1 100°C is also wider than the present calculation ( Fig. 6(a) ). The poor description of the Cu 2 S single phase region may originate from the incompleteness of the thermodynamic model, Eq. (2), used for this phase, but was accepted because it will have effect only on phase equilibria with the Cu-rich fcc phase but not with the Fe-rich phase. The calculated isothermal section at 700°C (Fig. 6(d) ) is in good agreement with corresponding experimental information 26, 40) except that a ternary phase in the high S region was not included in the present study. Based on that the present calculation reproduces the appearance of the (Fe)/Cu 2 S/FeS three-phase equilibrium and maximum solubility of Fe in Cu 2 S in good agreement with experimental information, it is believed that the stability of Cu 2 S in Fe matrix would be correctly predicted using the present thermodynamic description. 
Stability of Cu 2 S in Low Carbon Steels
As has been shown in the previous section, the present thermodynamic description can reproduce thermodynamic stability of MnS and Cu 2 S phases in reasonable agreement with relevant experimental information in individual ternary systems. By combining all parameters for the lower order systems, a thermodynamic database applicable to practical steels involving Cu, Mn, S and other basic elements in low carbon steels could be constructed and used to predict thermodynamic stability of MnS and Cu 2 S in those steels.
One more point that should be considered before applying to practical steels was the mutual solubility of Cu in MnS and Mn in Cu 2 S. Describing the mutual solubility correctly is important because the solution of additional elements would have effect on the thermodynamic stability of sulfide phases in practical steels. Valuable experimental information on the mutual solubility of Cu and Mn in MnS and Cu 2 S, respectively, was available from Liu et al. 8) According to the experimental information, the solubility of Mn in Cu 2 S in low carbon steels was small, about 10 % of that of Fe and about 1 % of Cu content. In the case of MnS, numeric values were not reported, but the EDS peak of Cu in MnS was slightly higher than that of Fe. Based on the above experimental information, the solubility of Mn in Cu 2 S phase was ignored and thermodynamic parameters of the MnS phase were roughly adjusted so that the solubility of Cu in MnS is calculated to be comparable with that of Fe in low carbon steels.
The calculated equilibrium fractions of individual phases vs. temperature in a low carbon steel with 0.0015C-0.2Mn-0.06Si-0.01S-0.06P-0.02Nb-0.05Cu-0.035Al (wt%) is shown in Fig. 7 . Contrary to the previous investigations, 8, 9) the Cu 2 S is not a stable phase in low carbon steels. This means that all the observed Cu 2 S particles in previous investigations [5] [6] [7] [8] [9] are metastable or unstable ones that precipitated during process due to some kinetic reasons. One may expect that Cu segregation during solidification can be a reason for the metastable precipitation of Cu 2 S. However, according to the present calculation, microsegregation of Cu in steels with less than 1 wt% Cu can not be that much to cause the formation of Cu 2 S. In most of the experimental studies on the Cu sulfide precipitation, [5] [6] [7] [8] [9] the Cu content was lower than 0.1 wt%.
A probable reason for the metastable precipitation of Cu 2 S proposed in the present study is the rejection of Cu from precipitated MnS during cooling due to the decreasing solubility with decreasing temperature. Figure 8 shows the calculated temperature dependency of equilibrium site fraction of Fe in MnS precipitate in the low carbon steel. It clearly shows that the Fe content in MnS decreases significantly with decreasing temperature. Even though an accurate calculation of the Cu content in MnS can not be performed using the present thermodynamic database, similar behavior of alloying elements can be expected. Further, it should be noted here that the lattice parameter of Cu 2 S (5.57 Å) is almost double of that of bcc Fe (2.87 Å). 8, 10) This makes it possible to assume a good lattice match in cube-cube orientation relationship between Cu 2 S and bcc Fe matrix, and a low interfacial and misfit strain energy.
The accumulation of Cu atoms at the MnS/matrix interfaces and the low nucleation energy barrier that originates from good lattice match between bcc Fe and Cu 2 S is thought to be a reason for the nucleation of the metastable Cu 2 S on the MnS/matrix interfaces.
Another reason for the metastable precipitation of Cu 2 S is the supersaturation of S due to an incomplete precipitation of MnS during cooling. Figure 9 is the calculated driving force for the nucleation of Cu 2 S when it was assumed that no other sulfide phases (MnS, FeS) were formed due to a kinetic reason. The calculation indicates that the Cu 2 S can precipitate below about 740°C in a region where no other sulfide phase is formed during cooling. It should be mentioned here that Guillet et al. 5) reported that the amount of Cu-sulfide decreased by a factor of five after annealing at 560 or 698°C in a strip cast steel compared to the as-cast strip, even though the amount increased again after additional cold rolling and batch annealing. The decrease of the amount (dissolution) of the Cu-sulfide means that this phase is an unstable phase that precipitates due to the incomplete precipitation of MnS and low nucleation energy barrier but is eventually dissolved during annealing. Further precipitation of the Cu-sulfide with additional cold rolling (further lowering the nucleation energy barrier) and batch annealing means the thermodynamic equilibrium was not reached even after the one hour annealing in the range of 560-698°C. The incomplete precipitation of MnS is thought to be a decisive factor for the fine nucleation of Cu 2 S, which is closely related to the strengthening mechanism. Finally, it should be mentioned here that it was not easy to explain why the stability and dissolution temperature of Cu 2 S were observed to be so high in the original experimental investigation by Sakai et al. 9) In that study, the amount of Cu 2 S and MnS was estimated by measuring the amount of Cu and Mn among sulfides by a chemical analysis method (atomic absorption). It has been pointed out that the solubility of Cu in MnS can be significant while the solubility of Mn in Cu 2 S is negligible.
8) The present authors believe that the amount of Cu 2 S could be overestimated by the chemical analysis method, 9) if all the observed amount of Cu was counted as from the Cu 2 S without considering the solubility of Cu in MnS.
Conclusion
Through thermodynamic calculations based on the CAL-PHAD thermodynamic assessment method, it was predicted that the Cu 2 S sulfide often observed in low carbon steels (with less than 0.2 % Cu and 0.02 % S) is an actually thermodynamically unstable phase. This phase can precipitate when thermodynamic equilibrium state is not reached during steel making processes. The accumulation of Cu atoms on the MnS/matrix interfaces due to decreasing solubility of Cu in MnS with decreasing temperature, and the positive driving force of formation of Cu 2 S in a region where other sulfides are not formed due to some kinetic reasons together with the low nucleation energy barrier in bcc Fe due to a good lattice match could be proposed as the probable reasons for the formation of this unstable phase. The incomplete precipitation of MnS is proposed as a decisive factor for the distribution of fine Cu 2 S precipitates in conjunction with its strengthening mechanism.
